Deformation mechanisms and tensile properties in a high-temperature, Ni-Mo-Cr, agedhardenable alloy, HAYNES@ 242" alloy, strengthened by extremely small ordered particles were investigated at different temperatures and strain rates. The unaged specimens deformed predominantly by crystallographic slip. In the aged specimens, microtwinning was found to be a predominant deformation mechanism. This change of deformation mode is attributed to the presence of the ordered particles which constitute effective dislocation barriers and restrict cross-slip. Serrations in the stressstrain curves were observed in the unaged and aged specimens deformed at elevated temperatures. The occurrence of the jerky flow coincided with the negative value of strain rate sensitivity, implying a role of dynamic strain aging. The jerky flow was delayed to higher strains and temperatures in the aged specimens, an effect which is believed to shed light on the origins of the jerky flow in the presence of ordered particles.
Introduction
The Ni-Mo-Cr system forms the basis for a number of commercial alloys such as hightemperature HASTELLOY@ alloys S, N, B (l), and corrosion resistant HASTELLOY alloys C-4, C-276 (2). Recently, another high-temperature Ni-Mo-Cr alloy, HAYNES@ 242" alloy, has been developed (1, 3, 4) . This age-hardenable alloy, consisting essentially of Ni-25%Mo-S%Cr, utilizes a long-range-ordering reaction to form uniformly sized and distributed, extremely small (about lonrn), ordered particles. The alloy exhibits excellent strength and ductility at elevated temperatures, low thermal expansion characteristics and good oxidation resistance (1) .
The present research has been undertaken to explore deformation mechanisms and to examine tensile properties in unaged and aged 242 alloy tested at ambient and elevated temperatures and at different strain rates.
Exuerimental Procedure
The chemical composition of the material used in the present study, 242 alloy is given in Table  I . The alloy was solution heat treated at 1065"C, quenched and subsequently aged for 24 hours at different temperatures. All heat treatments were carried out on previously machined tensile specimens (gauge length 25.4mm, diameter 4. lmm) encapsulated in quartz. Tensile tests of unaged as well as aged specimens were conducted on an INSTRON machine at three different strain rates: &= 8x1U4, &,= 8~10~~ and &=8~10-~~, at room and elevated temperatures. Elevated temperature tests were carried out in a closed cell furnace in air. The strain hardening exponent, n, was calculated using Ludwik equation: ln(o -a&=k+?dlK Strain rate change tests were also conducted. Strain rate changes &/&= 10 were used to measure strain rate sensitivity (5,6):
True stresses and strains were used in the above equations.
Transmission electron microscopy (TEM) was carried out on longitudinal sections of the tensile specimens. Discs for TEM were electrolytically thinned by a jet technique, using a solution of 1 part HNO, and 3 parts methanol (U=3OV, temp. = -30°C). Thin foils were examined at 1OOkV in a JEOL 1OOCX microscope. Investigation of the fracture surfaces was carried out in a JEOL scanning electron microscope (SEM).
Results

Mechanical Properties
The tensile properties of unaged specimens and specimens aged at different temperatures, tested at room temperature and the intermediate strain rate of 5,=8x10" s', are shown in Table II . The data confirm that aging at 650°C for 24 hours (the standard procedure for 242 alloy (4)) results in an ' @ HASTELLOY is a registered trademark of Haynes International, Inc. 686 optimum combination of mechanical properties. The yield strength of the material aged at 650°C doubles that of the unaged material, the work hardening is strong, and a relatively high room temperature ductility is maintained. All tests were carried out on specimens subjected to this aging procedure. The yield strength and work hardening exponent of the unaged and aged specimens tested at different temperatures and strain rates are shown in Tables III and IV, respectively.
The yield strength of the unaged material decreases between room temperature and 350°C but remains nearly the same at 500°C. The strength retention is addressed in the discussion. The yield strength of the aged material decreases with the increase in the testing temperature, not an unexpected result, and remains relatively high at 650-7OO"C, the anticipated service temperature range of the 242 alloy. On the other hand, the yield strength tends to decrease with increasing strain rate, an unusual effect to be addressed in the discussion.
At elevated temperatures, serrated yielding (jerky flow) was observed in both the unaged and aged specimens, and the deformation corresponding to the onset of the jerky flow, E,, is tabulated in Tables III and IV. The critical strain decreased with increasing test temperature, and decreasing strain rate. At the lowest strain rate, the onset of jerky flow and plastic deformation usually coincided. The exemplary stress-strain curves for the aged material, obtained at the strain rate of &=8~1O-~s", are shown in Fig. 1 , illustrating the occurrence and distinctive, depending on temperature, character of serrated yielding. To shed light on the origins of the jerky flow in the present alloy, strain rate change tests were carried out and the strain rate sensitivity, fl, was measured. The relationships between the strain rate sensitivity and flow stress, for different temperatures, in the unaged and aged materials are shown in Figs. 2a and 2b, respectively. Optical and TEM studies of the unaged 242 alloy revealed an essentially single phase material, with an average grain size of about 15 pm and sporadic M,C carbides.
Typical deformation structure of the unaged specimen deformed at room temperature to 25% is shown in Fig.3 . The dislocations form pile-ups and a well-defined banded structure.
After deformation at elevated temperatures, the banded structure became more distinct, the dislocation structure was less uniform, occasionally microtwins occurred, but, by and large, the effect of temperature on deformation structure was not pronounced. The selected area diffraction patterns (SADP) showed typical f.c.c. reflections and diffuse intensity maxima at different positions (l,V'z,o) coming from short range ordered (SRO) regions (7). Dark field images in the SRO reflections failed to reveal any microdomain structure.
Precipitation of an ordered phase took place during aging. The diffraction patterns of specimens aged at 650°C exhibited extra reflections in addition to the f.c.c. reflections (Fig.4) . The extra reflections appear at every V'S < 220 > , l/a < 420 > and V'S < 3 1 1 > positions, indicating the presence of a PhMo-type superlattice (8-lo), and the SRO reflections were absent. The dark field image reveals a large volume fraction of uniformly distributed, extremely small (= lOnm), ellipsoidal particles ( fig.5) . The typical microstructure after ~30% deformation is shown in Fig.6 . It is clear that microtwinning became the predominant deformation mechanism in the aged specimens. The microstructure of aged specimens deformed at elevated temperatures was found to be in general very similar to that observed in specimens deformed at room temperature, i.e. it consisted of deformation twins, usually in two systems. The only difference was significant shearing of some deformation twins observed after elevated The aging temperature : affected the size and shape of the ordered precipitates. In specimens aged above 650°C coarsening of ordered precipitates was observed, and very thin plate-shaped precipitates were also occasionally noticed. The deformation structure of specimens aid at higher temperatures consisted of dislocation bands as well as deformation twins.
The fracture of unaged and aged specimens occurred by a cup and cone type of rupture. The shear lips were relatively smooth while the central area had a rough, porous appearance. The fractographs taken from the unaged specimens, tested at Fig.3 . Typical deformation structure of the unaged specimen. ambient temperature, indicated that fracture was of the dimple type (Fig.8a) . The fracture surface of the aged specimens showed a change in the fracture mode from simple dimple type to a mixture of dimple rupture and cleavage (Fig.8b) .
Discussion
Microstructure and Mechanical Pronerties
The transformation from a disordered to a long range ordered state in the Ni-Mo and Ni-Mo-Cr alloys has been examined in detail by others (7, 8, 10, 11) and is not discussed here. It is well established that the ordering reaction has a continuous character, i.e. LRO domains form from previously nucleated short range clusters or domains. In the present study, the intensity maxima at (l,V'z,O) positions on diffraction patterns indicate the presence of the SRO domains in the unaged specimens deformed at elevated temperatures. It is believed the SRO contributes to the retention of strength of the unaged material at 500°C. A long range ordering reaction leading to the formation of extremely small (= lOnm), &MO-type, coherent precipitates occurs during aging at the optimum temperatureof650"C. Characteristic streaking of diffraction spots along < 210 > directions indicates that the precipitates are plate-like shaped. According to Das et al. (8) , such precipitates form as a result of stacking of atoms on either (420) or (220) planes. The &MO-type precipitates have been found in many commercial nickel-base alloys containing molybdenum and/or chromium (2,12,13). It is well established that in a binary Ni-Mo system the Ni,Mo phase is metastable and does not appear in a Ni-Mo equilibrium diagram (9). In the Ni-Cr system, on the other hand, the Ni,Cr is stable up to about 590°C (14). Since the ternary Ni-Mo-Cr phase diagrams are not available at below 700°C and the quantitative chemical analysis of the ordered phase would be very difficult or even impossible because of the extremely small size of precipitates, one may only speculate that the ordered phase in the 242 alloy has the form of Ni,(MoCr). This speculation, however, is supported by previous studies on Ni,Mo-Cr alloys (15) which showed that Cr atoms substitute for MO atoms in all observed ordered phases, including Ni,Mo. Furthermore, chromium can be regarded as an Y I agent stabilizing the metastable Ni,Mo phase. Due to the presence of the ordered precipitates, the strength of aid specimens is twice that exhibited by unaged ones. The strengthening was accompanied by the striking change in the deformation mode from crystallographic slip to microtwinning. Such a change due to the presence of small ordered particles was reported earlier in: HASTELLOY alloys S, C-4, C-276 (PbMo-type)(2); Ni-28 %Mo alloy (Ni,Mo)(l2); INCONELB3 7 18 (DO, type) (16). All these phases are crystallographically related and can be derived from the f.c.c. lattice by atomic rearrangements on the (420) planes (17).
The phenomenon of changing deformation mode from slip to twinning was first attributed to the hypothetical lowering of stacking fault energy (SFE) (12). Molybdenum is known to decrease the SFE of Ni-base alloys (18) and chromium is supposed to act in the opposite direction. However, the precipitation of Ni,Mo ordered phase in a binary Ni-19 at. % MO alloy did lead to the change in deformation mode from slip to twinning (12), although the content of MO in the matrix did not change considerably during precipitation, and the SFE of the matrix did not decrease. A semi-quantitative analysis of the present results also does not support the notion that the decreasing SFE of the matrix during ordering is the major factor encouraging the-change of deformation mode.
The change of deformation mode has been also discussed in the literature in terms of the effect of the structural change (f.c.c. + orthorhombic) associated with ordering. It was shown that while such a change makes ten of the potential twelve f.c.c. slip systems energetically unfavorable, it makes only two of twelve twining systems unfavorable (19). Moreover, ordered particles constitute strong obstacles for mobile dislocations and are known to restrict cross slip (20) .
In the light of the above discussion and the results of our TEM studies, we postulate that in the present aged alloy slip occurs only in the early stages of plastic deformation.
After a few % Fig.7 . Typical TEM microstructure after elevated temperature (700°C) deformation of the aged specimen.
elongation, dislocation pile-ups on the slip planes cause the internal stresses to increase, dislocations cannot change their slip planes (cross-slip is restricted) and the activation of other slip systems is 3 @ INCONEL is a registered trademark of the Into Family of companies.
unlikely. As a result, the alloy work hardens very strongly and the stress becomes high enough to activate twinning. Discontinuous deformation, or the so called Portevin -Le Chatelier (P-L) effect (21), manifesting itself as serrated (jerky) flow during tensile tests at elevated temperatures, has been known for almost 70 years, but there are still some discrepancies concerning its origin and explanation.
In the present study, serrations in the stress-strain curves were observed in both unaged and aged specimens. Comparing the results shown in Tables 111,IV and Figs. 2a, 2b, one can note that the jerky flow occurred when strain rate sensitivity was negative. This implies that the jerky flow is caused by dynamic strain aging (DSA) (6,22), resulting from the interactions between moving dislocations and diffusing interstitial atoms. On the other hand, the parameter @ became negative at temperatures and strains lower than that critical for the appearance of the jerky flow (e.g. aged specimens tested at 350°C) indicating that the mechanism of DSA operated over a wider range of temperatures and strains. The occurrence of the jerky flow was accompanied by strong work hardening. Dynamic strain aging also causes the yield strength to decrease with increasing strain rate. The above results agree well with the results of other studies (22, 23) , and their general interpretation in terms of dislocation-solute atoms interactions is universally agreed upon (5,6,22-26). There is no consensus, though, as to the details of the mechanism of DSA and the discussion of the present results, especially the differences between the unaged and aged specimens and the role of twinning, is hoped to contribute to improved understanding of the DSA and its manifestation -serrated flow.
In 242 alloy at a given strain rate, the jerky flow appeared in the aged material at higher temperatures and strains. A possible explanations of the delay of jerky flow in aged material may be derived from the classical Cottrell's concept (27) . Cottrell assumed that vacancies produced during deformation enhance diffusion of solutes forming atmospheres at dislocations and that alternate atmosphere pinning and breakingaway leads to serrated yielding. In our case, since the creation of vacancies takes place during motion and the interaction of dislocations, aged specimens deformed predominantly by twinning should exhibit lower vacancy concentration than the unaged specimens deformed only by slip. Theoretically predicted (28), experimentally confirmed (29) less rapid diffusion of interstitials in the ordered state may also contribute to the delay.
On the other hand, one could claim that the delay is caused by a lower concentration of carbon in the matrix of the aged material due to carbides formed during aging. However, optical and TEM investigations did not reveal distinct differences in the distribution and morphology of carbides in the unaged and aged materials. To further explore a possible effect of lowering carbon content on serrated yielding, two unaged specimens were annealed at 800°C (a temperature high enough to prevent precipitation of ordered phase) for 9 hours and deformed at 350°C and 500°C. The annealing did not affect the appearance of the resultant stress -strain curves. Therefore the alternative scenario can be rejected.
In the unaged specimens, one might postulate that "SRO locking" rather then "solute locking" of dislocations is more likely. Sumino (30) calculated the effect of the stress field of a dislocation on the SRO in its vicinity and showed that the ordering effectively locks dislocations. In addition, one might argue that the early onset of the jerky flow at the low strain rate (see Table III ) is associated with the SRO as well, because no "waiting time" is needed to lock a dislocation in this case. However, we reject this explanation since the jerky flow and its early initiation were also observed in the aged specimens in the absence of the SRO.
The role of twinning on the character of the stress-strain curves needs to be readdressed. In the aged specimen, dislocations are strongly locked by the dispersed LRO phase and deformation proceeds ivy twinning. Twinning itself is not likely to produce serrations because it occurs in a random way in the entire volume of a deformed specimen, whereas plastic instabilities leading to serrated flow require large local stress concentrations typically caused by the localized activation of a large number of dislocations (31). In fact, TEM studies indicate that the contribution of slip in the aged specimens increases with increasing temperature.
The occurrence and the extent of the jerky flow in the present alloy differs from the typical characteristics of the jerky flow in other F.C.C. materials. It occurs at higher temperatures (e.g. in Ni-C alloys the jerky flow was reported between -50 -+3OO"C (32)) and persists till failure (e.g. in INCONEL alloy 600 the jerky flow -occurring at temperatures comparable to these in the present alloywas observed to be confined to only a few serrations at the very early stages of plastic deformation (22)). Moreover, the character of the instabilities in stress-strain curves changes with increasing strain, the load drops become less frequent and deeper, especially in the aged specimens deformed at 650 and 7OO"C, and they are accompanied by distinct audible sounds. TEM of the failed aged specimens showed very inhomogeneous deformation leading to apparent shearing of twin boundaries (Fig.7) . The reasons for this distinct behavior as well as the diversity of serrations encountered are unclear and being explored. Also, the temperatures at which jerky flow occurs in the present alloy are high enough (0.4-0.6 Td for the diffusion of substitutional atoms (MO) which may contribute to the discussed irregularities in the stress-strain curves.
Conclusions
1. Short range ordering contributes to the retention of strength of the unaged 242 alloy at 500°C. 2. Aging at 650°C for 24 hours results in an optimum combination of mechanical properties. The yield strength of the material doubles compared to that of the unaged material due to the presence of small ordered particles. 3. The deformation mechanism changes from crystallographic slip in the unaged condition to microtwinning in the aged condition. This change is attributed to the presence of the ordered particles which constitute effective dislocation barriers and restrict cross-slip. 4. Characteristic serrations in the stress-strain curves were observed in the unaged and aged specimens deformed at elevated temperatures. The occurrence of the jerky flow coincides with the negative value of strain rate sensitivity, implying a role of dynamic strain aging. 5. The jerky flow was delayed to higher strains and temperatures in the aged specimens, likely due to limited vacancy generation and decreased diffusivities of interstitial atoms.
